Introduction
It is well known that many efforts have been made to remove nonmetallic inclusions from molten steel because they cause many harmful effects on steel properties. Many technologies for removing the inclusions from molten steels have been developed in steelmaking processes to produce clean steel for meeting the users' strict demand. If we keep inclusions small in size, otherwise, they become harmless.
The control factors governing the size distribution of inclusions in steel are considered as nucleation, growth, coagulation and rising behavior of inclusions in molten steel. Although there are many studies on those factors, [1] [2] [3] [4] [5] [6] [7] [8] only a study 9) has been made on the size distribution of inclusions in molten steel just after their nucleation. Lindborg and Torssell 4) showed the silica particle radius change after deoxidation, but the radius change within 10 s after the deoxidation was derived only by a theoretical calculation. Wasai et al. 8) reported that around 10 nm size of alumina particles were obtained in their experiment by using twin rollers, and they concluded that those small particles formed during rapid solidification. Ban-ya et al. 9) studied the radius change of silica particles, and reported that average diameter of 1.5 mm was obtained from the sample which was cooled rapidly by blowing a He gas just after Si addition. But the amount of the sample as 0.1 kg seems to be too large for rapid solidification which kept the size distribution of inclusion unchanged.
In this study, the initial size distribution of alumina inclusions just after deoxidation reaction in steel was studied by using a new sampling method with varying aluminum and oxygen contents in laboratory scale experiment. The size distribution of alumina inclusions in steel samples was measured by using an electron probe micro analyzer with newly developed software for particle analysis.
Experimental Conditions

Experiments
Two kilograms of electrolytic pure iron was melted in a fused magnesia crucible under an Ar gas atmosphere using a Tammann furnace. After adjusting carbon content to 0.04 mass% at 1 873 K, some amount of iron oxide (Fe 2 O 3 ) was added to control the initial oxygen content of the melt. In order to get a steel sample just after deoxidation, the sampler shown in Fig. 1 was devised. Some pieces of small aluminum rods for deoxidation were wrapped with a steel
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foil and placed below a silica tube. The melt just after the aluminum deoxidation was sucked into the silica tube (i.d.ϭ6ϫ10
Ϫ3 m) by vacuum and cooled rapidly with a copper chill inside. The time between aluminum addition and the attaching of sucked melt to the copper chill was almost one second. It was confirmed by making some exercises with measuring time prior to the experiment. The sucked specimens inside the silica tube were immediately dipped into water. The weight of the specimen was about 4.4ϫ10
Ϫ3 kg, and the specimen was cut at the position of 5 mm apart from the chill side to analyze inclusions.
The chemical composition of the electrolytic pure iron used in the experiment is shown in Table 1 . To investigate the effect of aluminum and oxygen contents on the morphology and the size distribution of alumina inclusions, their amount was changed as shown in Table 2 , where the free oxygen amount in the molten steel was measured by a zirconia oxygen probe before the deoxidation, and the value of aluminum was calculated assuming that all of the added aluminum dissolved in 2 kg of molten steel.
Analysis of Fine Inclusions
For the quantitative analysis of very fine inclusions in steel samples, an electron probe microanalyzer was used, which had LaB 6 electron gun and newly developed software for particle analysis. First, the backscattered electron image (BEI) was acquired in 20ϫ20 mm 2 area of a specimen (magnification: ϫ5 000), and image contrast was divided into two levels, which correspond to inclusions and matrix. The BEI signal intensity was calibrated by MgO standard (Zϭ10.39) and pure Cu metal (Zϭ29).
The composition of all particles was analyzed by measuring characteristic X-ray intensity of elements. The parameters of each particle, such as element composition, chemical type, Heywood diameter and so on were calculated and listed with a computer. Those processes were repeated 25 times for each next area to cover 100ϫ100 mm 2 area. Then the 25 images were composed to one image for observing the whole area. Figures 2 and 3 are the examples of obtained images. Figure 2 is one of 25 images before composing and Fig. 3 is the result of composing.
The minimum diameter of detected particle was 23 nm, however reliable values were obtained for the particles above 100 nm of Heywood diameter under the detection condition such as 10 kV of accelerating voltage and 10.0 nA of probe current by using stabilized LaB 6 electron gun. The composition analysis of each particles were made by using high-sensitive X-ray wave dispersive spectrometer, however, it was conducted only for making sure that the particles were alumina. The composition data were not used for quantitative consideration because the lack of accuracy for very small particles.
Results
Typical image of inclusion particles obtained at 1 s after the aluminum deoxidation is shown in Fig. 4 , which is in the specimen with 200 ppm (10 Ϫ4 mass%) of aluminum addition and 30 ppm of free oxygen (Exp. 2 in Table 2) . Table 1 . Standard of the electrolytic pure iron used in the experiment (ppm: 10 Ϫ4 mass%). Table 2 . Chemical compositions of the melts in the experiment (ppm: 10 Ϫ4 mass%). Table 2 ). Comparing these images, the number and the size of inclusions are found to be larger at higher initial oxygen content. Figure 6 shows typical types of alumina inclusions at 1 s after the deoxidation observed by a TEM. Four types of inclusions are observed; they are sphere, octahedron, hexagonal and coagulated with several particles. The sizes of those inclusions are 270, 300, 360 and 400 nm, respectively. Since only a small number of the inclusions with coagulated type are observed, it is expected that a part of inclusions was coagulated in the flow caused by the sucking of specimens. The inclusions are too small and too many to gain the apparent relationship between their shapes and deoxidation conditions.
The size distributions of inclusions at 1 s after the deoxidation are indicated in Fig. 7 for both specimens with 200 ppm of aluminum addition and 30 ppm of oxygen (Exp. 2), and with the same amount of aluminum but 179 ppm of oxygen (Exp. 9). Large inclusions observed in the specimen with high oxygen content, and small inclusions are observed in the case of low oxygen content. Figure 8 indicates the relationship between the average size of inclusions at 1 s after the deoxidation and initial oxygen content as a function of added aluminum amount. It might be found that the average size of inclusions tends to increase with increasing the oxygen content.
The relationship between added aluminum amount and initial oxygen content before the deoxidation is indicated as a function of the average number of inclusions at 1 s after the deoxidation in Fig. 9 , which is counted in two or three fields of each specimen. The number of inclusions is large when the ratio of the amount of aluminum addition to the oxygen content is near the dotted line in Fig. 9 , which represents the weight ratio of aluminum to oxygen to form alumina.
Discussion
The growth factors of alumina inclusions during 1 s after the deoxidation are considered as follows. The growth factors of deoxidation products are collision by Brownian movement, growth by diffusion, collision by Stokes rising in molten steel and collision by turbulent flow of molten steel. The last factor was ignored because the experiments were conducted in the Tammann furnace in which the flow of molten steel was suppressed.
The velocity of Stokes rising of an inclusion in molten steel was estimated at 1.3ϫ10 Ϫ8 m/s, when the radius of the inclusion, 0.1 mm was substituted to Stokes Eq. (1). This indicates that the influence of the collision by Stokes rising is very small, because the moving distance for 1 s is in the order of 10 Ϫ2 mm. where, u: rising velocity of particle, g: gravitational acceleration, r: radius of inclusion, r Fe : density of molten steel, r i : density of inclusion and h: viscosity of molten steel. Then the Brownian movement and the growth by diffusion were discussed. The calculation was made for the specimen with 200 ppm of aluminum addition and 179 ppm of oxygen (Exp. 9). The variables and physical properties used for the calculations are listed in Tables 3 and 4 , respectively.
Size and Number of Critical Nuclei
The size of the critical nucleus at the nucleation of oxide inclusions in molten steel is expressed by Eq. (2). (2) where, r*: radius of critical nucleus, s: interfacial energy between molten steel and inclusion, M i : molar weight of inclusion, r i : density of inclusion, R: gas constant, T: absolute temperature and S: degree of supersaturation at the oxide formation.
The radius of critical nuclei of alumina inclusions was calculated as 0.17 nm, when the degree of supersaturation S was assumed as 1.89ϫ10 10 and Tϭ1 873 K, sϭ1.2 J/m 2 6) were substituted. The value of the supersaturation degree, 1.89ϫ10 10 was derived as follows; the concentration of aluminum in the specimen with 200 ppm aluminum addition was estimated at 9.09 mass% assuming that all aluminum was contained in the sucked specimen, because the weight of the specimen was 4.4ϫ10 Ϫ3 kg and the total weight of molten steel was 2 kg. The oxygen content was 179 ppm, then the solubility product for deoxidation with aluminum, [%Al] 2 · [%O] 3 was 4.7ϫ10
Ϫ4
. As the equilibrium constant K is 10 Ϫ13.6 at 1 873 K after the reference, 14) the supersaturation degree, [%Al] 2 · [%O] 3 /K was 1.89ϫ10 10 . The inter- facial energy between molten steel and alumina inclusion varies widely according to the change of oxygen content.
6)
The value of 1.2 J/m 2 was obtained from the diagram of Tanabe and Suito 6) when oxygen content was 200 ppm. In the above discussion, concentrations of aluminum and oxygen were used instead of their activities, because the interaction parameter, e O Al could not be used for high aluminum content like 9.09 mass%. In our other deoxidation experiment with the addition of high amount of aluminum, it took much time for oxygen to reach to the equilibrium with high amount of aluminum. It is considered not to be proper to use e O Al in the analysis of the phenomena of very short time.
The value of 0.17 nm seems to be rather small when considered as the critical radius of alumina inclusion, because the ionic radius of oxygen is 0.14 nm. Even if the value of 2.075 J/m 2 , which is the value of the interfacial energy between alumina and pure iron (from Fig. 7 in the reference 6) ), is substituted for 1.2 J/m 2 , the radius only increases to 0.24 nm. Hence, modification of the Eq. (2) should be needed.
The number of critical nuclei was estimated based on the experimental results, assuming that the number of inclusions did not change during 1 s after the nucleation. The number of inclusions 1 s after the nucleation was 2. Substituting the experimental values such as rϭ 0.27ϫ10 Ϫ6 m, C o ϭ0.0179 mass% and W Fe ϭ4.4ϫ10 Ϫ3 kg into Eq. (3), the number of inclusions was obtained as 5.13ϫ10 9 . The nucleation rate was estimated as 8.3ϫ10
15 m Ϫ3 · s Ϫ1 , because the volume of molten steel specimen 1 s after deoaxidation was 6.2ϫ10 Ϫ7 m Ϫ3 (weight: 4.4ϫ10 Ϫ3 kg). It is difficult to estimate whether the value of the nucleation rate as 8.3ϫ10 15 for 1 s is proper or not. This value seems not to be so far from the real one, however, because the nucleation rate of alumina was calculated as 10 11 m Ϫ3 · s Ϫ1 by the authors based on the way of Sano et al. 1) , and because the value of 10 18 m Ϫ3 · s Ϫ1 was estimated by Wasai 15) for Alϭ0.01 mass% and Oϭ0.0250 mass% using a solution model.
Collision by Brownian Movement
The growth of an inclusion by the Brownian movement is expressed as the following equation derived by Sano et al. (4) where, r: radius of inclusion, r*: radius of nuclei, p: radius of area where collision occurs, k: Boltzmann's constant, N*: number of nuclei, t: time and h: viscosity of molten steel.
Assuming that the radius of area where collision occurs is equal to 3r, r in the right hand side of the Eq. (4) The N* value was derived as 5.13ϫ10 9 from N i in Eq. (3) . Substituting N* and r*ϭ0.17 nm into the Eq. (5), the r value at 1 s after the nucleation was not changed from the initial value. Hence, the Brownian movement is not the main factor of inclusion growth in the present experiments.
Growth by Diffusion
The growth of a sphere particle by diffusion is expressed as Eq. (6) Eliminating the terms of Dr 3 and Dr 2 after expanding the left hand side of Eq. (6), and regarding the value of Dx as the inclusion radius, Eq. (7) is derived.
............. (7) By integrating Eq. (7), Eq. (8) 10, 12) and mϭ3 were used. The value of CϪC e was considered as follows; the number of nucleation of inclusions was estimated as 2.76ϫ 10 8 m Ϫ2 according to the way described above. Then the average distance between each nucleus was calculated as around 6 mm, assuming the homogeneous dispersion of nuclei. In the case of the specimen containing 179 ppm of oxygen, the concentration gradient was 179/(6/2)ϭ 60 ppm/mm. Assuming that the diffusion distance is almost equal to the radius of inclusions, around 0.3 mm, CϪC e is estimated to be 18 ppm. The calculation was made by changing CϪC e from 10 to 30 ppm. In the case of aluminum, the concentration in the specimen with 200 ppm of aluminum addition was calculated as 9.09 mass%. Thus the CϪC e was derived as (9.09ϫ10 4 /(6/2))ϫ0.3)ϭ 1.0ϫ10 4 ppm. The calculated radius would be very large by using the value, then 100 ppm was substituted.
The results of calculating the inclusion radius for CϪC e ϭ18, 26 ppm for oxygen and CϪC e ϭ100 ppm for aluminum are drawn in Fig. 10 . Measured value of particle radius in the specimen with 200 ppm of aluminum addition and 179 ppm of oxygen observed at 1 s after the deoxidation is also shown in this diagram. The calculated value of 0.27 mm at 1 s after the deoxidation is in good agreement with the observed one of 0.27 mm. Consequently the growth seems to be controlled by oxygen diffusion with 26 ppm of CϪC e . The value of CϪC e does not equal to 18 ppm, which was estimated from the particle distribution observed, but they seem to be close taking account of the accuracy of the analysis.
It is concluded that the growth of the inclusions during 1 s after the deoxidation in the experiment is considered to be controlled by oxygen diffusion.
Conclusions
The initial size distribution of alumina inclusions just after deoxidation reaction in steel was studied by using a new sampling method with varying aluminum and oxygen contents in laboratory scale experiment. And the size distribution of alumina inclusions in steel samples was measured by using an electron probe micro analyzer with newly developed software for particle analysis. The experimental data and discussions yielded the following results;
(1) The behavior of alumina inclusions at 1 s after the deoxidation with aluminum was able to be observed by using the new experimental method.
(2) The size of alumina inclusions at 1 s after the deoxidation was large when the oxygen content was high.
(3) The growth of alumina inclusions during 1 s after the deoxidation in the experiment is considered to be controlled by the diffusion of oxygen.
